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1. Introduction 
Rice-wheat system has emerged as the dominating cropping system in South and South East 
Asia and Indo-Gangetic plains, because of favourable soil and climatic factors, suitable high 
yielding varieties, subsidized resource availability in terms of power and fertilizers and 
remunerative support purchase prices backed by the procurement system.  The 
sustainability of this system in many areas is threatened by the rising water table and 
salinization, declining water tables and deterioration of both the chemical and the physical 
fertility of soil.  Chemical fertilizers, appropriate tillage operations and addition of organic 
amendments supplement the low nutrient supplying capacity of the soil and can maintain 
favourable soil physical conditions.  But there is no substitute of water for crop production. 
Rice being grown under submerged conditions requires high amount of irrigation water. In 
India, about 50% of the total irrigated area is under rice cultivation and hence, 50% of 
irrigation water is used for rice crop. On an average, farmers apply 32 irrigations to rice in 
Indian Punjab and assuming each irrigation to be of 7 cm, a total of 224 cm water is 
required. In many areas of Punjab and Haryana in India withdrawal of ground water 
exceeds its recharge which leads to lowering of ground water table. In central Punjab having 
good quality ground waters, the areas with water table below 10 m depth increased from 3% 
in 1973 to 76% in 2002 (Hira et al. 2004). Eighty percent area of the Punjab state is facing a 
rapid decline in water table which is quite alarming to the sustainability of the rice 
production. Competing demands of water for domestic use, sanitation, industrial and 
recreational purposes also make it all the more essential to maximize the efficiency of water 
for crop production.  Since, rice is the lowest productive crop per unit of water consumed 
amongst cereals, therefore, optimum water management and cultural practices need to be 
followed to ensure minimum losses of water. In India, about 15000 liters of water is used for 
the production of one kg of rice (Sharma 1992). This low water use efficiency is because of 
high (55 to 80 percent) water losses through deep percolation (Singh, 1998). Though 
percolation is gain to water table but high amount of energy is required for lifting the 
underground water to meet irrigation requirements of rice - wheat system. Singh et al (1990) 
has shown that irrigation consumes the maximum energy in farm operations for both rice 
(82%) and wheat (38%). Therefore, water and energy are main elements for the sustainability 
of the rice-wheat system. Hence, to maintain desired yield levels while conserving the scarce 
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water resources and to make the system energy efficient, it is essential to increase the 
productivity of rice and wheat per unit of water use.  This can be achieved by curtailing the 
unproductive water losses such as evaporation and deep percolation. Soil evaporation can 
be manipulated by varying irrigation scheduling in wheat and staggering the date of 
transplanting of rice to the period of lower climatic evaporative demand (Singh et al, 2001).  
Most popularly, the deep percolation of water is controlled by manipulating hydraulic 
properties of soils through puddling.  
2. Mechanism of puddling 
Puddling (a most common method of land preparation for transplanting of rice seedlings) is 
associated with the soil disturbance through tillage operations, at or near saturation soil 
moisture content. The puddling tillage usually comprises one or two ploughing to a depth 
of 0.15 m and two or more harrowings and a final leveling. In puddling process the soil is 
submerged under standing water to promote soil chemical reduction, reduce soil 
mechanical strength and hence reduce the force and energy required for the puddling 
tillage. Two forces are applied to the soil during the puddling: one is ploughing to loosen 
and break clods in soils and the other is compaction of the sub-soil due to machinery used 
for tillage. Puddling leads to break down of soil aggregates into ultimate micro aggregates 
and individual particles forming a muddy suspension having dispersed fine particles. The 
degree of dispersion is dependent on the structural stability of the soil. Different research 
workers have shown that as compared to unpuddled, in puddled soils about 40 % of the 
aggregates were completely broken down to fractions less than 0.05 mm and all the 
aggregates were smaller than coarse sand (Naphade and Ghildyal, 1971). Due to differential 
settling the larger particles of soil in the suspension settle first and the finer ones later. 
Therefore, the sand fraction settles first from the muddy water and gradually is covered by 
finer silt and clay, resulting in a thin layer of low permeability due to clogging of macro 
pores at the surface. The thickness of the layers depends on the original texture. In sandy 
soils, the clay cover is thin. In fine clay soils there may be no coarse layer. In medium 
textured mineral soils stratification is well developed, with a fine textured surface layer a 
few mm thick that overlies 1-2 cm of almost pure sand (Moorman & Van Breemen, 
1978).The clogging process is similar to filtration. Three mechanisms may be involved in 
filtration including surface clogging (large soil particles fail to pass through pore and 
deposit on the soil surface area), strain filtration (soil particle moves into pore space and is 
retarded by shear stress among other particles) and physical-chemical filtration (soil particle 
adsorbed onto the particle surface by surface reaction). If the soil texture is not uniform and 
contains a certain amount of clay particles, it is easy to develop plough sole by strain and 
physical-chemical filtrations. A Japanese study showed that the upper 0-15 mm of the 
puddled layer is composed of fine particles, the middle layer is thin and porous with sandy 
shingles, and the lowest layer is massive without particle differentiation (Saito and 
Kawaguchi, 1971). Closely packed parallel particles in puddled soils reduce saturated 
hydraulic conductivity (Singh et al 2001). The amount of dispersed clay or silt +clay 
increases with increasing puddling energy applied. Bodman and Rubin (1948) suggested the 
term puddlability, a measure of susceptibility of soil to puddling, to mean the change in 
apparent specific volume of soil per unit work extended in causing such change. From a 
farmer point of view, puddling is mixing soil with water to make it soft for transplanting 
and impervious to water. The ease and degree of puddling depend on moisture content, soil 
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type, tillage implement, and cultural practices. Maximum puddling occurs at moisture 
content between field capacity and saturation. High clay content facilitates puddling. Soils 
with predominantly kaolinitic clay are more difficult to puddle than those with 
montmorillonitic clay (Sharma and De Datta, 1985). The sodium saturated clays are easier to 
puddle than calcium saturated clays owing to their dispersed nature in the former type of 
soil. During the puddling operation the soil layer just below the puddled soil is stamped 
down by the puddling equipment. This causes crushing and blocking of the pores in the 
lower unpuddled layer and results in reduction of saturated hydraulic conductivity. A 
portion of clay fraction from the surface puddled horizon is also deposited as clay-skins 
along pore surfaces at the top fringe of the compacted unpuddled subsurface layer. These 
processes reduce macro pore volume in the upper portion of the soil profile while increasing 
the bulk density in the compacted, anthropogenic subsurface horizon that is alternately 
termed the plough sole or tillage pan or hardpan. The formation of hardpan in the subsoil 
below the puddled layer is variable in different soils. It may take 3 to 200 years for a 
hardpan to form depending on soil type, climate, hydrology and puddling frequency 
(Moormann and van Breeman, 1978). Subsurface hardpans develop from physical 
compaction and precipitation of Fe, Mn and Si (Sharma and De Datta, 1985). This hardpan 
has lower saturated hydraulic conductivity. The non-puddled subsoil beneath this less 
permeable layer usually has a higher hydraulic conductivity and consequently there can be 
non-saturated subsoil flow in conjunction with saturated flow in the puddled and compact 
layers. Therefore a typical soil profile of a puddled rice soil consists of a (i) ponded water 
layer, (ii) a muddy layer with little resistance to water flow, (iii) a compacted hard layer 
with large resistance to water flow and (iv) non puddled subsoil with high saturated 
conductivity having unsaturated flow of water. 
3. Effect of puddling on soil hydraulic properties 
Puddling results changes in porosity and pore size distribution of the soil. Therefore water 
retention and movement under saturated and unsaturated conditions are highly affected by 
puddling.  
3.1 Soil water retention 
Puddling decreased pores >30 µm (transmission pores) by about 83% and increased pores of 
0.6-30 µm (storage pores) and < 0.6 µm (residual pores) by 7% and 52% respectively (Sharma 
and De Datta, 1985). Eliminating non capillary pores in puddled soils usually lowers water 
retention for potentials above -0.01 MPa. At lower potentials (-0.01 to -1.5 MPa) water 
retention in puddled soils was more than non-puddled soils (Gupta et al, 1984). Water 
retention at lower (-0.01 to -1.5 MPa) potentials in puddled soils always exceeds than that of 
non-puddled soils depending on soil texture and initial aggregation (Taylor 1972 and 
Yunsheng 1983).  The change in water status is defined by the difference between the 
previous and the current water contents in the paddy system when all the inflows and 
outflows have been accounted for.  It is therefore, the residual amount of water in the paddy 
system, which can be positive or negative. Mohanty et al. (2003) reported that at harvest, on 
the average, the puddled soil maintained 25% more water than the unpuddled one. 
Puddling markedly increases soil water retention in soils, dominated by 2 : 1  swelling clays 
and the effect was less in soils dominated by kaolinitic clays (Sanchez 1973). Increase in 
water retention of 0-15 cm soil depth with puddling has also been reported by Sur et al 
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(1981). Puddling increases the water-holding capacity of soils because of compaction, 
settling, and flocculation of dispersed clay particles (Sharma and De Datta, 1985). The 
dispersion of soil aggregates during puddling destroys macro pore volume within soil 
aggregates (Moorman and van Breemen, 1978). Puddling changes the water content-tension 
relationship with more easy-to-extract water being available in puddled soils. 
Measurements of water-release characteristics showed that puddling increased storage 
porosity from 6 to 16 % and residual porosity from 34 to 43 % at the expense of transmission 
porosity, which declined from 26 to 4 % (Painuli et al 1988).  
Porosity contributed to the 5-15 cm layer by pores wider than 30 µm (regardless of shape) 
was decreased by roto tiller puddling under standing water, and the number of pores per 
standard area were proportionally more affected (Pagliai et al ., 1987). The distribution of 
porosity among pores of different shapes and sizes in the 0-5 cm layer of puddled soil 
showed that elongated pores dominated the porosity, though they were in fact fewer in 
number. Porosity was less in puddled than in non-puddled soil in all shape categories in 0-
20 cm, but below 20 cm there was no statistical or practical difference. 
Effect of puddling on soil water retention depends upon climate, soil texture, soil depth, 
intensity of tillage, use of green and farmyard manures and crop residues incorporated into 
the soil.  
3.1.1 Climate, texture and soil depth 
Water retained by different soils at varying suctions in the four agro climatic zones of 
Punjab where puddling has been continuous from more than 15 years is reported by Singh 
et al (2009). Water retention was higher in zone 1(undulating sub region), followed by zone 2 
(piedmont alluvial plains) and zone 3 (central alluvial plains) and least in zone 4 
(southwestern alluvial plains) (Figure 1a). These trends are in accordance with amount of 
organic carbon (OC) and silt + clay contents. More the silt + clay and OC content in the soil, 
more will be water retention at a given level of suction. The textural class of silty clay loam 
retained more water at all the suctions which were followed by clay loam, loam and sandy 
clay loam soils (Figure 1b and ‘a’ values of soil moisture content (θ) vs. suction (Ψ) relations 
in Table 1). More water retention in fine textured soils is due to more micro as well as total 
porosity.  
 
Soil texture  θ vs. Ψ 
 a B R2 
Sandy clay loam 0.3028 0.0035 0.83 
Loam 0.3384 0.0022 0.82 
Clay loam 0.3538 0.0020 0.80 
Silty clay loam 0.3919 0.0012 0.81 
Soil Depth (cm)    
0-7.5 0.3602 0.2132 0.81 
7.5-15 0.3415 0.2054 0.80 
15-22.5 0.3365 0.1965 0.79 
22.5-30 0.3455 0.2051 0.80 
Table 1. Parameter’s of the equation y = a exp b θ, θ vs. Ψ. 
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Fig. 1. Soil water retention at different suctions in relation to (a) zone, (b) texture  and (c) 
depth in puddled soils of Punjab. 
a
b 
c 
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Water retention in different layers showed that water retention was highest in 0-7.5 cm soil 
layer and lowest in 15-22.5 cm soil layers at all the suctions applied viz. 1, 3, 10 and 30 k Pa 
as shown in Figure  1c and ‘a’ values of (θ) vs. (Ψ) relations Table 1. More volumetric water 
content in 0-7.5 cm soil layer may be attributed to its higher OC which improves 
aggregation status of the soil and hence its water retention capacity. Lowest water retention 
in 15-22.5 cm soil layer was due to its lower porosity (caused by more compaction) and OC 
contents as compared to other layers. 
3.1.2 Intensity of tillage 
Yoshida and Adachi (2002) studied the influence of puddling intensity on the water 
retention characteristics of a clayey paddy soil. Low intensity (one time puddling, P1), 
medium intensity (two time puddling, P2) and high intensity puddling (three time 
puddling, P3) were compared. They observed that at the surface layer (0-4 cm), the water 
content increased over the whole range of suction and the increment of water content at a 
suction of 100 kPa depended significantly on puddling intensity. Moisture content was 
reduced linearly with time (Mausavi et al 2009). The line slope for P0 treatment (no 
puddling) is more than P1, P2 and P3. This shows that unpuddled soil dried faster than 
puddled soils. Ten days after puddling, soil moisture was reduced by 11.4, 8.3, 5.2 and 5.1 % 
respectively in P0, P1, P2 and P3 treatments. This may be attributed to the greater proportion 
of pore volume occupied by micro pores in the puddled soils. The effect of puddling 
intensity on water retention in soil was significant up to a suction of 90 kPa (in laboratory 
study) and up to 500 kPa in field study. Soil moisture retention in P1 is much higher than P2 
but P2 is not very much different from P3 treatment. Higher number of micro pores in highly 
puddled soil is an important factor. Puddled soils dry more slowly than unpuddled soils, 
probably because of higher unsaturated hydraulic conductivity of puddled soils can keep 
surface soil wet during evaporation by supplying water from lower layers. Also because of 
increased water retention at a given suction, more energy is required to evaporate the same 
amount of water from a puddled soil than from an unpuddled soil. Thus a puddled soil may 
take several weeks or even months to dry and reach workable moisture content (Gupta and 
Jaggi, 1979). 
3.1.3 Organic manures 
Singh et al (2000) studied the effect of incorporation of green manure (Sesbania rostrata) @ 
10.4 Mg ha-1 and farmyard manure (FYM) @ 6.5 Mg ha-1 on dry weight basis before rice 
transplanting in combination with 100% recommended NPK for 3 years in silty loam soil. 
They found that in 0-15cm soil layer, water retained at field capacity in green manured plots 
increased from 28.36% (100% NPK alone treatment) to 30.87%, and in FYM treated plots to 
32.33%, when measured after harvest of wheat crop. Tiwari et al (2000) reported that 
incorporation of green manure (Sesbania rostrata) before puddling of loam soil for 2 years 
along with 50% recommended N increased the water holding capacity of the soil from 
36.45% (initial) to 37.10%, when measured after harvest of rice crop. Biswas et al (1970) in a 
10-year study on alluvial sandy loam soil found that, incorporation of green manure 
(equivalent to 45kg N ha-1) increased water retention from 14.4 % to 18.0% at 33 kPa tension. 
However, at 1500 kPa tension increase was very small i. e. from 3.8% to 4.6%.  
3.1.4 Residue incorporation 
Pandey et al (1985) studied the water retention of the soil at 33 kPa suction in rice residue 
management experiment. It was 23.2% in control treatment, and increased to 26.3% in rice 
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straw incorporation treatment and up to 26.8% in wheat straw incorporation treatment, 
when measured at harvest of succeeding wheat crop. Under all treatments, water content 
decreased abruptly up to 20 kPa suction and beyond this value decrease in water content 
was gradual. Bhagat and Verma (1991) in a 5-year study on silty clay loam soil found that 
straw incorporation @ 5Mg ha-1 plus farmyard manure treatment retained the highest, 
whereas in control and straw burnt the lowest water content, at all suction values between 0 
and 1500 kPa. At 33 and 1500 kPa, the straw incorporation plus farmyard manure treatment 
had about 0.055 m3 m-3 and 0.030 m3 m-3 higher water content, respectively, compared to the 
control and straw burnt. The straw incorporation alone treatment had intermediate water 
retention compared to the above two sets of treatments, at all the suction values. 
3.2 Saturated hydraulic conductivity 
In puddled soil some soil physical characteristics which determine water conductivity are 
the total porosity, the distribution of pore sizes and the pore geometry of the soil. Thus 
structural destruction due to puddling may not be of much important in reducing water flux 
through the soil. Saturated hydraulic conductivity (Ks) is a quantitative measure of ability of 
saturated soil to transmit water under the hydraulic head difference. It defines the linear 
relationship between flux and hydraulic gradient. So it is the slope of line showing 
relationship between flux and hydraulic gradient. If the same hydraulic gradient is applied 
to two different soils, the soil from which the greater quantity of water is 
collected/discharged, is more conductive means have more flow rate. Mostly sandy soils 
yield higher flux (i.e. more conductive) than the clayey soils. Saturated hydraulic 
conductivity is affected by soil and fluid properties. It depends on the soil pore geometry as 
well as the fluid density. Flux is numerically equal to Ks only when the hydraulic gradient is 
equal to one. Flux is a dependent variable & hydraulic gradient is the driving force (i.e. 
independent variable) and Ks is the proportionality constant that defines the relationship 
between two. Puddling altered the nature of water flow, particularly in silty clay loam (Fig. 
2). At lower hydraulic gradients the specific discharge versus hydraulic gradient curve does 
not remain a straight line, hence Darcy Law does not hold good under puddled conditions. 
However, as the gradient exceeds 1, the relationship assumes the form of a straight line. It 
therefore seems that puddling induces non-Darcian flow at lower hydraulic gradients. 
Evidently in puddled fine-textured soils a critical hydraulic gradient must exist beyond 
which the water flux is Darcian and before which it remains non-Darcian  (Fig. 2). Since 
puddling reduces the non-capillary pore spaces, a closer packing of soil particles results in 
higher bulk density. Reduction on the pore volume, in turn, decreases the hydraulic 
conductivity and free percolation of water. Studies on laterite sandy loam soils indicated 
that hydraulic conductivity of a field puddle decreased from 0.192 to 0.054 cm h-1, causing a 
reduction of 72 % from the unpuddled soil.  
Climate, soil texture, depth and intensity of puddling, bulk density, type of implement used 
for puddling, structural regeneration, organic manures applied  and crop residue 
incorporation into the puddled soil etc determine the effect of puddling on soil hydraulic 
properties. 
3.2.1 Climate 
Saturated hydraulic conductivity of sandy clay loam soil (Fig 3) generally decreased from 
agro climatic zone 2 to zone 4 in soil depths because of changes in temperature which 
resulted into decrease of organic carbon content in the surface soil layers and increase in the 
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Fig. 2. Relationship between flux and gradient in puddled silty clay loam soil. 
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Fig. 3. Saturated hydraulic conductivity of sandy clay loam. 
bulk density of subsoil layers (Singh et al, 2009). Hence better puddling for reducing water 
flux is difficult to achieve in the soil having high organic carbon leading to high structural 
stability index. Therefore, the high content of organic matter increases resistance of the soil 
to puddling. Dominance of loam and sandy clay loam textures in agro climatic zone 2 of 
Punjab compared to other zones resulted in significantly higher Ks (Table 2). Amongst the 
textural class, saturated hydraulic conductivity was significantly more in sandy clay loam 
due to more sand content in the soil (66 per cent) than other classes, where it ranged from 
31-55 per cent. Saturated hydraulic conductivity was more in the surface soil (due to more 
organic carbon and less bulk density) and it decreased with depth and was lowest in 15-22.5 
cm soil layer, where bulk density and organic carbon were having reverse trend than the 
surface soil (Singh et al, 2009).   
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Variables Saturated hydraulic conductivity (mm 
h-1)
Agro climatic Zones Zone 1 0.77a
 Zone 2 4.32b
 Zone 3 1.77a
 Zone 4 1.06a
Textures Silty clay loam 1.05a
 Loam 2.06a
 Sandy clay loam 4.85b
 Clay loam 1.38a
Soil depths 0-7.5 cm 4.2a
 7.5-15 cm 2.02b
 15-22.5 cm 1.20b
 22.5-30 cm 1.91b
Rows having different letters are significantly different
Table 2. Averaged effects of agro climatic zones, textures and soil depths on saturated 
hydraulic conductivity. 
3.2.2 Soil texture 
The decrease in hydraulic conductivity due to puddling was greater in sandy loam and clay 
loam soils than in clay soil (Mambani et al., 1989). Thus the benefits of puddling as well as 
dynamics of pan formation are dependent on soil type. Adachi (1990) reported that with the 
same intensity of puddling in clayey soils the downward flow rate declined slowly 
compared to coarse textured soils.  In coarse textured soils, flow rate after puddling declined 
quickly with soil consolidation.  In medium textured soils, decrease in flow rate just after 
puddling was caused by the consolidation in the lower part of the mixed layer and filling of 
that layer by fine particles. Then from series of field and laboratory studies, Adachi (1992) 
concluded that depth of least permeable layer and its formation mechanism due to puddling 
depended upon texture of the soil (Table 3).  For fine textured soils, the most important 
mechanism for decreasing percolation rate was the blocking of layer just below the puddled 
soil by fine dispersed particles.  In medium textured soils the decrease in percolation rate is 
because of increased bulk density at the lower part of puddled layer.  In coarse textured 
soils the reduction is mainly due to a very clayey layer formed in the top 0-1, 2 cm of 
puddled layer. A large reduction in Ks of puddled soil was due to the disaggregation 
induced by puddling. The greater the soil dispersion, the lower is the Ks. High clay content 
facilitates puddling. Soils with predominantly kaolinitic clay are more difficult to puddle 
than those with montmorillonitic clay. The sodium saturated clays are easier to puddle 
(owing to their dispersed nature) than the calcium saturated clays.  Saturated hydraulic 
conductivity was exponentially related with silt content in both silty clay loam(y =2238e-
0.1616X, r2=0.8469) and sandy clay loam (y = 355.18 e-0.1858X, r2 = 0.86) soils of Punjab (Singh, 
K.B, Personnel Communication). 
3.2.3 Depth and intensity of puddling 
The resistance to water flow, as evidenced by specific discharge, was increased in all the 
soils following puddling. The reduction in specific discharge (cm h-1) after first puddling 
varied from 6 to 10 times at different hydraulic gradients in sand. In sandy loam it was 
small, especially at lower gradients. In silty clay loam soil the reduction was marginal. The 
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Soil layers 
Saturated hydraulic conductivity (cm sec-1) 
Heavy clay Clay loam 
Loamy 
sand 
Initial 4x10-2 4x10-3 1x10-2 
Upper part of puddled 
layer 
2x10-6 2x10-5 4x10-4 
Lower part of puddled 
layer 
2x10-7 2x10-6 3x10-3 
Just below the puddled 
layer 
8x10-8 2x10-6 1x10-2 
Lower layer 4x10-6 3x10-4 1x10-2 
Table 3. Effect of soil texture on saturated hydraulic conductivity (cm sec-1). 
second puddling was less effective than the first in reducing specific discharge except in 
sandy loam soil where the second puddling might have resulted in more uniform sealing of 
pores. The results of the third puddling were not any different from the second. The amount 
of dispersed clay or silt + clay increased with increasing puddling energy applied (Bakti et 
al 2010). Saturated hydraulic conductivity decreased rapidly when the soil was puddled 
with only 50-100 Joule energy input. When the soil is puddled with greater energy (100-200 
Joule) however, the additional reduction in Ks was small. Sharma and Bhagat (1993)  
reported that greater the depth of puddling, the  smaller is the hydraulic head gradient 
across the puddled soil layer and hence smaller is the water flux. They further found that 
puddling was effective in decreasing water permeability of soils, if their sand content was 
less than 70% and the finer fraction was dominated by clay (13-20%).  On texturally different 
soils about 95% reduction in flux due to per unit increase in puddling depth was explained 
by the linear function of clay content of the soil.  At a given puddling depth, the relative 
water flux (flux of puddled/non puddled) decreased exponentially with the increase in clay 
content, the effect was more pronounced at greater puddling depths.  They also reported 
that relatively shallower puddling depth was required in fine textured soils. Effect of 
intensity of puddling was also found to be significant on hydraulic conductivity.  With 
increased level of puddling there was breakdown of natural aggregates due to which the 
apparent specific volume of soil decreased which in turn decreased its hydraulic 
conductivity (Naphade and Ghildyal 1971). Saturated hydraulic conductivity was highest 
with the moldboard treatment followed by that with mouldboard + puddling and 
conventional tillage treatments (Akhtar and Qureshi, 1999). Saturated hydraulic 
conductivity of the native profile, which represented by conventional tillage was 3.0 cm day-
1 in the 0-20 cm layer, 1.2 cm day-1 in 20-35 cm layer and 0.7 cm day-1 in 35-75 cm layer 
whereas the corresponding values of saturated hydraulic conductivity for deep tilled plots 
were 7.6, 4.1 and 1.4 cm day-1 respectively. Puddling after mouldboard resulted in 
reduction in saturated hydraulic conductivity to the level of conventional tillage.  
Saturated hydraulic conductivity of 0-20 cm layer was 3.0, 1.0 and 0.1 mm h-1 under deep 
tillage, deep tillage+ puddling and conventional tillage treatments respectively. Singh et al 
(2001) have found that increase in puddling intensity substantially decreased Ks in puddled 
layer in sandy loam and silty clay loam soils. Generally Ks was more in the surface layers 
and decreased with soil depth down to 25 cm depth with minimum at 15-20 cm (Table 4).  
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Texture & Soil 
depth (cm) 
Saturated hydraulic conductivity 
LSD(0.05) 
No puddling 
Puddling 2 
times with 
disc harrow 
Puddling 4 
times with 
disc harrow 
Sandy loam     
0-5 7.7(0.6) 1.0(0.58) 0.5(0.12) 2.1 
5-10 5.3(1.84) 1.0(0.09) 0.9(0.02) 1.8 
10-15 2.5(0.42) 0.8(0.20) 0.7(0.08) 1.0 
15-20 2.3(0.89) 0.7(0.18) 0.4(0.17) 1.2 
20-25 2.2(0.13) 1.1(0.10) 1.0(0.27) NS 
25-30 1.3(0.54) 1.3(0.54) 1.3(0.54) NS 
Silty clay loam     
0-5 5.2(0.60) 1.1(0.18) 0.8(0.39) 1.4 
5-10 2.1(0.72) 1.0(0.05) 0.4(0.04) 0.8 
10-15 1.6(0.19) 0.8(0.20) 0.4(0.10) NS 
15-20 0.8(0.43) 0.7(0.07) 0.4(0.20) NS 
20-25 1.0(0.28) 1.0(0.28) 0.4(0.08) NS 
25-30 1.1(0.78) 1.1(0.78) 1.1(0.45) NS 
Figure in parenthesis are standard deviation from mean based on 18 replications. 
Table 4. Effect of puddling intensity on laboratory measured saturated hydraulic 
conductivity (cm day-1). 
Saturated hydraulic conductivity was significantly decreased with puddling intensity in all 
layers upto 20 cm depth in sandy loam and upto 10 cm depth in silty clay loam.  The less 
effect of puddling (upto 10 cm) in decreasing Ks in silty clay loam soil is due to less depth of 
puddling compared to sandy loam (Table 4).  The decrease in Ks with puddling levels was 
more in surface layers (0-20 in sandy loam and 0-15 in silty clay loam) compared to lower 
layers.  In 0-5 cm soil layer Ks decreased 7.7 times with P2 (two time puddling) and 15.4 
times with P4 (Four time puddling) in sandy loam and 4.7 times with P2 and 6.5 times with 
P4 in silty clay loam respectively, compared to P0 (unpuddled control).  However differences 
in Ks between P2 and P4 were non significant on both soils, throughout the profile (0-30 cm).  
The decrease in Ks with puddling levels in due to closely packing of soil particles in parallel 
orientation because of differential settling, and breakage of soil aggregates and elimination 
(sealing) of non capillary pores responsible for water transmission through soils (Sharma 
and De Datta, 1985 and Adachi, 1992). 
3.2.4 Bulk density 
Since puddling reduces the non-capillary pore spaces, a closer packing of soil particles 
results in high bulk density. Reduction in the pore volume i.e increase in dry bulk density, 
in turn, decreases the saturated hydraulic conductivity of water. Studies on laterite sandy 
loam soils (Naphade and Ghildyal, 1971)indicated that hydraulic conductivity of field 
puddle decreased from 0.192 to 0.054 cm h-1, causing reduction of 72% from the unpuddled 
soil. The apparent specific volume (reciprocal of bulk density) decreased from 0.714 to 0.591 
cm3 g-1 and hydraulic conductivity from 0.192 to 0.019 cm h-1 when the soil was puddled 
with 0 to 2.700 watt hour energy input. The decrease in the apparent specific volume and 
saturated hydraulic conductivity with decreased degree of puddling was remarkable 
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initially. However, the magnitude of decrease in hydraulic conductivity exceeded the 
apparent specific volume. The apparent specific volume and the hydraulic conductivity of 
the field puddle were 0.615 cm3 g-1 and 0.054 cm h-1 respectively. The reduction in the 
apparent specific volume and the hydraulic conductivity of field puddle when compared 
with the unpuddled soil was 13.9 and 71.9 percent respectively. These values were closely 
related to those observed for the soil puddle with 0.450 watt hour indicating that puddling 
the soil to this energy in the laboratory represented field puddle. The results of apparent 
specific volume and Ks under different degrees of puddling were correlated significantly. 
The coefficient of correlation (r=0.9292 ) was significant at 5 percent level and the regression 
of apparent specific volume (X) on the hydraulic conductivity (Y) was: Y=6.17 X-3.41.  
An empirical relationship (Ks= 0.3266 bd-0.1404) was established between bulk density(bd) 
and hydraulic conductivity (Ks) (Behra et al, 2009). As bulk density increased hydraulic 
conductivity decreased but at higher bulk density the rate of decrease of hydraulic 
conductivity was low. The correlation coefficient (R2 = 0.7821) was found significant at 5 % 
level of significance. Singh, K.B (Personnel Communication) has observed a linear 
relationship between bulk density and saturated hydraulic conductivity (Table 5). Increase 
in bulk density has resulted linear decrease in Ks. 
 
Soil texture a b R2 
Silty clay loam 108.88 60.799 0.904 
Clay loam 213.54 112.55 0.893 
Loam 521.59 285.87 0.834 
Sandy clay loam 554.88 303.81 0.881 
Table 5. Saturated hydraulic conductivity (x10-2 cm h-1) as function of bulk density (Mg m-3) 
(Ks = a – b (Bulk density) in texturally different soils. 
3.2.5 Type of implement used for puddling 
Tyagi et al (1975) found that in loamy sand soil puddling with power tiller having a 
rotovator resulted in the maximum reduction in saturated hydraulic conductivity when 
compared with puddling with local plough, the control. The value of hydraulic conductivity 
was 0.1971×10-2 cm h-1 in puddling with power tiller compared to 2.871×10-2 cm h-1 with 
local plough. When compared with control the reduction in hydraulic conductivity was 76% 
with power tiller, 74 % with tractor having cage wheel, 34.6% with disc-harrow and only 
18% with mould-board plough. Minimum hydraulic conductivity of 0.257 mm hr-1 was 
found in case of two passes of peg type puddler which was significantly lower than that of 
one pass of peg type puddler (0.315 mm hr-1) but statistically at par with one pass of rotary 
puddler (0.270 mm hr-1) at 30 days after puddling (Behra et al 2009). At 60 days after 
puddling, there was no appreciable variation in hydraulic conductivity over that of 30 days 
after puddling. The hydraulic conductivity depends upon the amount and size of coarse 
pores (transmission pores) in the soil. Saturated hydraulic conductivity was significantly 
reduced due to puddling by angular bladed puddler followed by disc harrow, mould board 
plough and deshi plough and no puddling treatment (Rane and Varade 1972). All the 
treatments differ significantly from each other with respect to hydraulic conductivity. The 
percent reduction in hydraulic conductivity over control  was  84.87, 74.44, 63.17 and 51.4 
percent under angular bladed puddler, disc harrow, mould board plough and deshi plough. 
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3.2.6 Structural regeneration 
Wetting/ drying cycles are known to improve the soil structure. Results clearly showed 
reduction in the amount of silt+clay (<20µm) and clay (<2 µm) dispersed during 
wetting/drying cycles in clay and sandy loam soil increased Ks (Bakti et al, 2010). Repeated 
wetting/drying cycles to air dry water contents increased Ks of the puddled soil 
significantly in the fine textured soil but had little effect on the sandy soil. However in the 
fine textured soil the recovery of Ks was not significant. This improvement was partly the 
consequences of rapid wetting. Rapid wetting causes partial slaking by inducing micro-
cracks and these micro cracks has the effect of making the soil easily crumbled. The degree 
of drying has a strong effect on the structural regeneration shown by the decrease in 
silt+clay. The hydraulic conductivity increases with time after puddling due to regeneration 
of soil structure through reflocculation of dispersed clays (Pagliai et al, 1990) and greater 
roots proliferation (Prathapar et al, 1989). However, Tyagi et al (1975) reported that on loamy 
sand the hydraulic conductivity was higher at the time of puddling and there was a general 
decrease in its value after 25 and 50 days of transplanting.  This decrease in hydraulic 
conductivity with time was attributed to the sealing effect caused by the settlement of finer 
particles in course of time. 
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Fig. 4. Effect of puddling on in situ saturated hydraulic conductivity of sandy loam. 
In field conditions saturated hydraulic conductivity (of the puddled 0-20 cm layers) of sandy 
loam (Fig 4) at 1 day after transplanting(DAT) was 3.8, 2.1 and 1.3 cm day-1 under 
unpuddled (P0), 2 time puddled(P2) and 4 time puddled(P4) treatments respectively which 
decreased to almost half after 15 days of transplanting in all puddling treatments. In silty 
clay loam (Fig 5) the corresponding values of saturated hydraulic conductivity were 2.9, 1.8 
and 1.7 cm day-1 which decreased to 2.0, 1.1 and 0.9 cm day-1 in P0, P2 and P4 treatments 
after 28 DAT (Singh and Manchanda, 2008). This was because of more time taken for settling 
of clay particles dispersed in suspension during puddling and then clogging of the pores in 
the top layers and consolidation of the lower layer in silty clay loam. During puddling of 
silty clay loam, more clay in suspension takes more time for settling.  In the fine textured 
soil, the soil consolidation development slowly from the lower part of the mixed (puddled) 
layer to the upper part and consequently, the Ks was slowly reduced.  However, within the 
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coarse textured soil, the Ks after puddling was quickly reduced with the settling and the 
settlement rate was approximately constant.  Thus it was considered that the soil settlement 
phenomenon was sedimentation without soil consolidation  (Adachi 1992). In sandy loam (> 
50 DAT ) and silty clay loam (> 60 DAT), the daily steady water intake rate increased 
gradually with the increase in root growth in all puddling treatments (Singh and 
Manchanda, 2008).  
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Fig. 5. Effect of puddling on in situ saturated hydraulic conductivity of silty clay loam. 
3.2.7 Organic manures  
Addition of organic amendments (combination of green manures, FYM and residue 
incorporation) increased in situ saturated hydraulic conductivity (Table 6)of the soil after 
harvesting of rice (Singh, 2003). Incorporation of rice residues also increased Ks. 
Incorporation of green manures, farmyard manures and rice straw significantly increased 
the hydraulic conductivity of puddled soils (Bhagat and Verma, 1991).  
 
Treatments Ks 
Experiment 1  
Control 1.69 
Green manure 4.11 
FYM applied @ 12 Mg ha-1 4.67 
FYM + Green Manure 6.17 
Wheat straw incorporated into soil 4.86 
Wheat straw + Green manure incorporated 5.50 
Experiment 2  
Rice straw removed 2.08 
Rice straw burnt 2.17 
Rice straw incorporated into soil 2.56 
Table 6. Hydraulic conductivity of soil (x 10-3 ms-1) as influenced by organic amendments 
(Experiment 1) and reice residue incorporation (Experiment 2). 
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3.3 Unsaturated hydraulic conductivity 
For the estimation the retention and movement of water under unsaturated conditions, the 
knowledge of relationship between soil water pressure, water content and hydraulic 
conductivity is required. Soil moisture characteristics curve obtained through pressure plate 
apparatus can be fitted to the desired soil water retention model. Once the retention 
function is estimated, the hydraulic conductivity and moisture content relationship can be 
evaluated if the saturated hydraulic conductivity is known.  
Unsaturated hydraulic conductivity k(θ) as represented by constant ‘b’ of the equation type 
k(θ) = a exp bθ, increased with fineness of the textural class (Singh et al, 2009). Similarly, 
higher unsaturated conductivity was observed in 15-22.5 cm soil layer (having high bulk 
density) as compared to other layers irrespective of the soil texture (Table 7). Wind (1961) 
also reported higher unsaturated conductivity in finer textured soils in the dry moisture 
range due to higher micro porosity. 
 
Soil texture  K(θ ) vs. θ 
 a  (x 10-7) b R2 
Sandy clay loam 70 39.33 0.96 
Loam 0.8 46.70 0.98 
Clay loam 0.1 49.00 0.98 
Silty clay loam 0.001 56.28 0.99 
Soil Depth, cm    
0-7.5 2 42.84 0.99 
7.5-15 0.4 48.30 0.98 
15-22.5 0.006 52.83 0.98 
22.5-30 0.4 47.35 0.98 
Table 7. Parameter’s of the equation, y = a exp b θ, for K (θ) vs. θ 
Wopereis et al (1992) found that unsaturated flow conditions prevail in the non-puddled 
subsoil. The least permeable layer within the profile, as determined by the greatest gradient 
in pressure head was found to be at the interface of puddle topsoil (0-15 cm) and non-
puddled subsoil. Average thickness of this layer was about 5 cm. Hydraulic conductivity of 
the least permeable layer was 0.36 mm day-1 with 95 % confidence limits at 0.27 and 0.45 
mm day-1. Unsaturated downward flow of water prevails below the subsoil layer (15-60 cm) 
having restriction to water.  Unsaturated hydraulic conductivities decreased by 3 to 4 orders 
of magnitude as the soil matric potential decreased from near zero to -700 cm (Hundal & De 
Datta 1984). The lowest unsaturated hydraulic conductivity was found in the 45-60 cm soil 
depth. The differences in conductivities observed in different layers are resulted from 
differences in the pore size distribution of various layers An equation of the form: 
K(h)= a(h)b  
where ‘h’ represents the soil matric potential in absolute cm, described the K versus h 
relation with best fit (Table 8). The power function gave the best fit. 
Puddled soils dry more slowly than unpuddled soils probably because the higher 
unsaturated hydraulic conductivity of puddled soils can keep surface soil wet during 
evaporation by supplying water from lower layers. Also because of increased water 
retention at a given suction, more energy is needed to evaporate the same amount of water 
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from puddled than from an unpuddled soil. Thus a puddled soil may take several weeks or 
months to dry and to reach workable moisture content. 
 
Soil depth (cm) a b R2 
0-15 6.398 x 103 -2.287 0.95 
15-30 1.498 x 101 -1.360 0.92 
30-45 0.742 -1.005 0.95 
45-60 0.509 -1.104 0.70 
60-75 1.175 -1.037 0.87 
75-90 1.624 -1.056 0.87 
Table 8. Coefficients a and b in the text equation (K(h)= a(h)b )for different soil depths. 
3.4 Preferential flow 
If clay soils dry long enough, the soft mud cracks and dries to a stiff paste. When the soil 
floods again, the cracks do not completely close as a result of partial swelling of clays and 
may cause preferential flow of water and nutrients. Bypass flow may continue unabated 
until puddling seals the cracks. Introducing discontinuities in soil cracks by shallow surface 
tillage (0-5 cm) after the first monsoon rain reduced bypass flow and resulted in 45-60 % 
water savings, thus increasing the retention of water within the topsoil and within the 
bunded field (Woperis, 1993). 
4. Summary 
Puddling increases micro porosity of soil which in turn results increase in water retention at 
lower potentials than unpuddled soils depending on soil texture, initial aggregation. Water 
retention in puddled soils is in accordance with amount of organic carbon and silt plus clay 
content. Silty clay loam soil retained more water than, clay loam, loam and sandy clay loam 
soils at all suctions. Incorporation of green and farm yard manures, rice and wheat straw 
also increased water retention. Saturated hydraulic conductivity decreased with decrease in 
organic carbon and increase in bulk density of soil. The decrease in hydraulic conductivity 
due to puddling was greater in sandy loam and clay loam soils than in clay soil. Increase in 
depth and intensity of puddling significantly reduced saturated hydraulic conductivity. 
Reduction in water flux is directly linked with clay content of soil. Increase in bulk density 
of soil significantly reduced saturated hydraulic conductivity. However with repeated 
wetting and drying cycles and addition of organic amendments, the soil structure 
regenerates which results in increase in saturated hydraulic conductivity. Puddling results 
in close packing of soil particles which increases soil dry bulk density and unsaturated 
hydraulic conductivity. 
5. Future strategies 
Quantitative understanding of the puddled soil system and of the influence that soil 
management can have on water fluxes and water conservation, would be advanced if the 
effect of puddling on the hydraulic conductivity of various layers is better defined. Similarly 
in the simulation of rice production crop-water relations and soil water transmission are 
crucial components. Many soil-water simulations assume one-dimensional (vertical) water 
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flow through a succession of soil layers, and the hydraulic conductivities of such layers are 
needed as parameters in the simulation. Soils with 25-50 % clay in the topsoil and a similar 
or somewhat higher clay percentage in the subsoil produce the highest rice yields (Grant, 
1965). Therefore, more understanding on soil hydraulic fluxes is required for the 
development of mechanistic water flow models to simulate root water uptake and yield 
response for increasing water use efficiency of puddled rice system. 
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There are several books on broad aspects of hydrogeology, groundwater hydrology and geohydrology, which
do not discuss in detail on the intrigues of hydraulic conductivity elaborately. However, this book on Hydraulic
Conductivity presents comprehensive reviews of new measurements and numerical techniques for estimating
hydraulic conductivity. This is achieved by the chapters written by various experts in this field of research into a
number of clustered themes covering different aspects of hydraulic conductivity. The sections in the book are:
Hydraulic conductivity and its importance, Hydraulic conductivity and plant systems, Determination by
mathematical and laboratory methods, Determination by field techniques and Modelling and hydraulic
conductivity. Each of these sections of the book includes chapters highlighting the salient aspects and most of
these chapters explain the facts with the help of some case studies. Thus this book has a good mix of chapters
dealing with various and vital aspects of hydraulic conductivity from various authors of different countries.
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